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Cover Picture
The flooding of a ri e field with water cause the using up of oxygen
and the a cumulation' of a variet of both harmful and beneficial substance in the oil. Thi bulletin i a ummary of what we know nqw
about the harmful ub tance (toxicants) and their effects on rice plants .
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Toxicant Diseases of Rice
JOHN

P.

HOLLIS

1

Perspective

•

Regional appraisals of rice culture in the past two decades have
brought an awareness, in all parts of the world, of diseases or disorders
linked with certain soils or soil conditions. Usually such diseases are
classed by plant pathologists as physiological, nutritional, or due to soil
toxins. The phrase "toxicant diseases" is a collective designation introduced here to specify disorders attributed to imbalance (excess or
deficiency) of certain of the normal products of soil anaerobiosis in
rice fields; individually, these diseases are known only by names based
on their symptoms. Diseases caused by chemical groups not naturallyoccurring in soils are excluded .
An ecological viewpoint is adopted, and toxicant diseases include
only ~hose physiological diseases of the rice plant which occur in the
field. This distinction is essential because the latter include many manifestations of noninfectious, environmentally-induced disorders reproducible only in the laboratory and greenhouse under defined conditions;
they have no real existence in rice fields . The ecological approach is
practical, short-term, and adapted to survey conditions where the
nature and extent of diseases are unknown.
There is ample precedent in Louisiana for continuing studies
on toxicant diseases of rice. Sturgis (48) 2 elucidated many important
aspects of the nature of these diseases long before Japanese workers
began to make significant contributions. The major fundamen tal advances in knowledge of toxicant diseases have been made by Madison
B. Sturgis, 1932-1938 (etiology and soil conditions), and Shingo Mitsui
and his associates, 1951-1964 (biochemical interpretations of the nature
of toxicant diseases and mechanism of resistance of the rice plant to
toxicant diseases).
Ecological aspects of toxicant diseases summarized here derive
primarily from Akiochi diseases of rice in Japan, but are supported
also by isolated facts about a variety of similar diseases in other parts
of the world and by a vast background of information on microbiological and chemical aspects of rice field anaerobiosis. For brevity,
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1Associate Professor, Department of Plant Pathology. The author is indebted to
his colleagues in the Departments of Plant Pathology and Agronomy and in the R ice
Experiment Station for critical reading of the manuscript and for their advice and
cooperarion in conduct of the work. He is indebted especially to Professor W. H.
Patrick, Jr. for valuable suggestions, to Professor S. A. Lytle for identification of soil
type , and to Mr. Gilbert Martin and others in the Agricultural Extension Service
for assistance in planning field experiments.
2ltalic numbers in parentheses refer to Literature Cited, page 21.
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these aspects are treated broadly by reference to reviews (38). Literature citations are held to a minimum.
Akiochi di ease ( utumn decline in Engli h) is considered by the
Japanese to be not o much a di ea e a a kind of condition or crop
failure, involving 20-25 per cent of the entire Japane e rice area. This
means that some 600,000-700,000 hectares of rice fields are of the socalled " kiochi" type, characterized b low productive paddy (flooded)
soils. These soils are of two principal types - well-drained, degraded
paddy soils and ill-drained soil high in organic matter and humus
(mostly peaty padd soils) .
Shioiri (46) and hi a ociate recognized early that degraded paddy
soils are deficient in iron salt and that adding ulfate would cause •
"Akiochi," through the evolution of hydrogen sulfide. Akiochi disease
on degraded paddy oil ( kiochi-DP ) develops only after a period of
vigorous growth of rice plant . It i a ociated with deficiency symptoms
of the major elements and a fungu leaf pot cau ed b y a species of
Helminthosporium (3). Thi di ea e i controlled by applications of
iron, elimination of sulfate from fertilizer , and u e of varieties with
high root oxidizing power, provided the major elements are also supplied in proper proportions.
Mit ui and his a ociate (26, 27, 29) elucidated the probable cause
of Akiochi-DP a the inhibition b h drogen ulfide of nutrient uptake
by the rice plant. Parallel effect of quantitative inhibition by hydrogen
sulfide, butyric acid, odium c anide, and odium azide were exerted on
nutrient uptake rough! in the order K2 0, P 2 0 ~ > i0 2 , S0 3 > MnO,
little a 0.07 ppm hydrogen sulfide
NH.-N, H 2 0 > MgO, CaO.
(calculated a ulfur) cau ed wilting of rice eedling in vitro.
( kiochi-PPS) ha been
oil
Akiochi di ea e on peat padd
studied intensivel y by Takijima and hi associates (51-57). Although
its primary cau e or cau e have not et been elucidated, their investigation on oil and plant relation , invol ing oil characterization and
analysis, and bioa a of organic acid and ferrous iron, erve as an
opening wedge into the nature of toxicant di ea e of rice. Most of the
work on Akiochi-PP was publi hed originall by the Takijima group
in the Journal of the cience of oil and Manure (in Japanese);
the literature cited here are mo tl compilations in English by Takijima of the e origin al paper .
Peaty paddy oil , distributed throughout Japan from Hokkaido to
Kyushu, are deficient in the principal nutrient elements, except Fe 2 0 3 ,
NH., 0 3 , and CaO. Rice plants grow poor! in early stages, recover
temporarily at a middle tage, then decline rapidly in later stages in
conjunction with attack of e ame pot. Iron content is le than in
productive cla padd oil but i adequate for remova l of most soluble ulfide. Jn g neral, the evolution of free h drogen ulfide is confined to degraded paddy oil , although there i a high accumulation
oil , coincident with
of total or combined ulfide in peat padd
strong reduction and the production of considerable quantities of
4
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ammonia in the middle stage of plant growth. Reaction of the furrow
slice of these soils (about pH 5.5) is important with respect to toxicants.
Takijima (55) proposed a mechanism of root injury to explain the
nature of Akiochi-PPS. In ordinary productive paddy soils, rice roots
remain white for a long time and their physiological activity results in
the accumulatio n of a rusty-brown band of ferric h ydroxide around the
root (oxidative rhizosphere) . Jn peaty soil, the roots gradually turn
brown and then black and the ferric iron band is confined to the root
tip. A relation between oxidizing power of root and reducing power of
soil decides the formation and disappearan ce of the oxidative rhizosphere. In disease, the oxidative power of the root is overwhelme d by
• ferrous iron and sulfides in contact with the root; or, as the author
supposed, ferrous iron and sulfides might attack the root, after its
physiological activities have been retarded by harmful substances produced earlier by the decompositi on of organic matter in the soil.
Takijima felt that these substances might be unidentified humus subordinates and in some cases organic acids .
A survey of toxicology literature with reference to substances produced under conditions of anaerobiosis in rice fields indicates that those
which may cause toxicant diseases in rice include soluble sulfides;
hydrosulfides and insoluble sulfides; organic acids, principally acetic,
propionic, and butyric; ferrous, manganous, and ammonium ions;
and methyl mercaptan. Exceptional ly, almost any of the substances
produced under anaerobiosis may have toxic effects on rice in limited
circumstances.
Straighthead , known throughout the world by a variety of other
names, is a major disease of toxicant nature in the U.S. Gulf Coast
region (2) . Its name derives from the upright heads which are not
sufficiently heavy at maturity to bend over. Although the disease is
associated to a limited extent with arsenic accumulatio n in soils planted
previously to cotton, in general it is of unknown cause and is usually
associated with sandy soils; it is controlled by draining of fields before
growth reaches the shooting stage and by the use of varieties with
moderate resistance (8).

Symptomless Toxicant Diseases

•

Since hydrogen su lfide, organic acids, and other normal products of
rice field anaerobiosis are produced quantitatively and quantitative ly
inhibit nutrient uptake by rice plants, it follows that these substances
may cause toxicant diseases, detectable in the usual sense only by late
season effects on rice plants, including nutrient deficiencies, fungus
diseases associated with weakened plants, or simply differences in grain
yields. Such diseases are almost symptomless if the effects are associated
with maturity and come too late for ameliorative measures; they are
truly symptomless m a specific sense if the only observable differences
are in grain yield.

5

Principal arguments for existence of symptomless toxicant diseases
come from analogies with the re pon es of plants to fertilizers and
from introduction and use of rice varieties which respond to higher
and higher levels of fertilization. Since these are q uan ti tative responses
interactive with the soil environmen t, their levels of efficiency should
be related inversely to quantities of retardation factors in the soil
(toxicants which inhibit or otherwise impair nutrient uptake) .
Mitsui (25) considered the phenomeno n of metabolic inhibition of
nutrient uptake by the rice plant of sufficient importance and universality that he has evolved a "promoter" theory of nutrition. Promoter
substances added to fertilizers would timulate uptake of nutrients by
the rice plant. One of the large Japanese drug firms is engaged at the•
present time in screening thou ands of compounds for promoter action.
The purpose of this paper is to inquire into the nature of toxicant
diseases of rice on the basi of the published evidence on symptomati c
toxicant diseases and the recent work on nematode populations in
Louisiana rice fields (17, 19, 43). In iew of the complexity of known
toxicant diseases, it is expected that nematodes will prove useful in
their elucidation and in the detection of unknown disease . Nematodes
and rice are sensitive to the same toxicants in vitro, and recently
sodium azide (33), a well-known re piration inhibitor, was reported
toxic to nematodes. There is evidence that depression of nematode
populations and rice grain yields is cau eel by hydrogen sulfide. The
mechanisms of organic acid and hydrogen sulfide toxicity may be
different on rice plants and nematode but it is now generally accepted
that most toxicants exert their effect by interfering with some metabolic
activity, which often will be common to diverse organisms.

•
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Nematode Assay of Toxicants
The broad categories of oil nematode populations in Louisiana
rice fields differ in apparent re istance to toxic chemicals (halogenate d
h ydrocarbon fumigant and coal-tar dyes), in descending order Rhabditida > Tylenchida > Dorylaimida (14, 18) . It is a working hypothesis
to extend these data and ob ervations to oil toxicants. Usually plant
para ites (Tylenchida ) compri e le than JO per cent of a total population balanced between the other categorie and augumented to a large
extent by suspected plant para itic type , T ylenchus, Ditylenchus, and
Psilenchus species in the order T ylenchida. Thus, each of the three
groups of nematode is well repre ented in rice fields and any large shift
in their relative number is of intere t with respect to food supply,
toxicant , and other factors.
T ylenchorhyn chus martini Fielding l 956 swarmers (15) have been
used in laboratory as ay of h drogen sulfide and organic acids (16, 43)
primarily becau e thi pecie i in the intermediate group with respect
to reaction to toxic chemical a nd becau e it i at present the most
prevalent plant parasitic nematode in Gulf Coa trice fields.

6
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Nematode problems in Louisiana rice are due primarily to involvement and killing by nematodes and associated organisms of the main
roots (brace or adventitious roots) and secondary roots in the oxidized
soil layers below the reduced zone. This zone extends roughly from
6 to 14 inches and is composed of lower A horizons and the upper
part of the B horizon (upper claypan). Nematode involvemen t of the
upper 0-6 inches of rice field soil is quite noticeable in cases of severe
nematode attack of rice seedlings but is important only in the severalweek period after flooding, which is prior to complete biological and
biochemical reduction of this layer.
There are in general two kinds of plant parasitic nematodes in
• Louisiana rice fields. The first are the apparently indigeneous species,
T. martini and Hirschmann iella oryzae (v. Breda de Haan 1902) Luc and
Goodey 1963. These nematodes are of common occurrence, questionable pathogenicit y, and tolerant to flooding to the extent that their
populations are generally held to low levels but are not eliminated.
The second kind of plant parasitic nematode includes several species
of Criconemoides, H elicotylenchus, and Rotylenchus, some of which
may be pathogenic and may cause damage to rice.
It is noteworthy that fluctuations (usually reductions) in populations of both total nematodes and total plant parasites have generally
been parallel in rice fields (18, 4 3) . Counts for total nematodes have
been reported because they provide a statistical advantage in large
numbers. Data on plant parasitic nematode populations are of particular value, however, because their reactions to toxicants may be conditioned by nematode-ri ce plant interactions. Other categories, including suspected plant parasites, saprozoics (Rhabditida ) , and the Dorylaimida, are of interest because they are dependent in mysterious ways
on microbial food sources and, to a large extent, are free of direct dependence on both intrinsic and extrinsic factors influencing rice plant
developmen t.

Detection of Toxicants in Rice Fields

'*

The possible use of nematodes for detection of toxicants affecting
rice in the soil solution is suggested by the following points: (a) nematodes are hydrophilou s animals inhabiting the soil solution, (b) rice
plants absorb nutrients from the soil solution (34) ; in particular, (c)
the concentratio n of iron in the soil solution may be taken as evidence
of its availability to rice (39).
The idea of nematode detection of toxicants is suggested also by
field data (Tables 1, 2). Six rice field sites were assayed in 1965 for total
sulfide (soluble sulfide and sulfide liberated by hydrolysis from combined
sulfides, principally ferrous sulfide) and nematode populations . Sulfides
may be combined or soluble, either in the soil solution as H 2 S or HSor adsorbed to the soil clay fraction. Techniques of site selection,
sampling, and nematode analysis have been reported (43). Total sulfide

7

TABLE 1.-Total sulfide,n calculated as ppm in soil solution of plow layer of six rice
field sites in Louisiana in 1965
Caffey"

Richard

King

Williams
A

B

26
5
17
24
7

April
May
May
May
June

0
0
(0.1]
2.0
6.0

0.2
1.3
15.5
40.0
6.3

0
1.6
8.1
9.5
13.0

0

14
22
2
12
21

June
June
July
July
July

12.0

28.0
49.0
86.0
59.0

27 .0
34 .8
22.0
44.0

Sampling

5.8
4.9
6.8

1.1

(0.1 8]
4.9
0.9
16.2
45.0
12.2

B

A

0
0
(0.03]
7.2
5.0

0
0
(0.08]
2.1
3.6

7.0
6.1
8.3
6.8
6.0

4.0

•
•

11.8
8.0
3.4

nDetermined by meth ylene blue method (N), after boiling from saturated soil into
zinc acetate trap. Bracketed value represent incomplete boiling time. Method was
fully standardized by H Jun e ampling, a indicated by line.
h$ampling sites were 10 feet square in rice field s. Caffey site wa in fifth year of
continuous rice (Midland sil t loam ). Other sites were all in first and only year of rice
following 2 years of unimproved pa ture: Richard-(Beauregard si lt loam); Williams
A-soil lighter in color (Midland silt loam); Williams B- in ame field as A hut soil
darker in color (Mid land silty clay loam); King A-soil lighter in color (Crowley silt
loam); King B-in same field as A but soil darker in color (Midland silt loam).

"
•

TABLE 2.-Mean populationsn of total nematodes from plow layer of rice field sites
in Loui iana in 1965
Caffey
April
May
May
May
June
June
June
July
July
July

141
123
158
120
81
74
115
55

Population
reduction

86

Per cent
population
reduction

61.0

26
6
17
24
7
14
22
2
12
21

King

Williams

Richard

Sampling

A

B

368
280
159
129
133
58
46
57
29

263
330
137
202
170
152
141
32
111

172
310
497
300
590
351
740
500
4 15

339

152

-243

92.1

57.

-141.3

A

B

226
359
105
70
44
34
14
17

106
60
41
49
17
10
10
8

209

98

92.5

92.5

nPopu lation means of 4 replicate amples, each from 30 ml of water saturated
soil, differed significant! , in general, at 5 per cent level from mean of first sampling
in each si te.
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was extracted by boiling and determined as hydrogen sulfide by the
methylene blue method (44).
The Williams sites A and B, a short distance apart, were on Midland silt and silty clay loam of high clay content and differed only in
soil color. There was no decline in total nematode populations in
the A site and there was actually an increase in the B site, in spite
of the build-up of high levels of total sulfide. King A and B sites on
Crowley and Midland silt loam in a separate area differed also in color,
and produced low levels of total sulfide and sharp declines in total
nematode populations. Free hydrogen sulfide was detected by odor in
the King B site. Marked decline in the total nematode population occurred in the Richard site on Beauregard silt loam, in the presence of
high levels of total sulfide. Nematode decline was gradual in the Caffey
site in Midland silt loam in the presence of low total sulfide concentrations, as it had been previously in the years 1963 and 1964 (40, 43).
The data show that the greatest decline in nematode populations
is correlated with the period of steepest rise and highest levels of total
sulfide in individual sites.

Evidence for Sulfides

I

•

•

Louisiana rice soils are high in extractable iron and manganese
(10), and concentrations of their reduced bivalent cations increase
with the progress of anaerobiosis under submerged conditions (48).
Soluble ferrous iron concentrations are lowered in midseason, however,
by complexing with organic acids, tannins (22) , and phosphate (7) ,
in addition to sulfides; and according to data presented by Sturgis (48) ,
may not exceed 10 ppm in the soil solution.
Concentrations of hydrogen sulfide which can exist in the soil
solution in the presence of 10 ppm ferrous iron were calculated with
equilibrium equations (65) for the solubility product constant of FeS,
and K 1 , K 2 , K 1 x K 2 for dissociation of hydrogen sulfide and hydrosulfide
ion. The concentration of HS- produced from H 2 S is a function of pH
and increases from 0.2 per cent at pH 4.5 to 58 per cent at pH 7.0.
Hydrogen sulfide decreases with increase in pH in the presence of
ferrous iron (10 ppm). Hydrogen sulfide concentrations in ppm calculated at several pH values are: pH 5.0 (> 100), 5.5 (16.7), 6.0 (I.7),
6.5 (0.17), 7.0 (0.017) . These theoretical values generally exceed minimum concentrations of hydrogen sulfide toxic to rice seedlings in vitro,
but they are crude estimates at best because of the many variables influencing sulfide reactions. It is known, for example, that the soluble
portion of FeS is not completely ionized (11), that the proportion of
FeS and Fe 2 S3 formed is a function of the ratio of concentration between hydrogen sulfide and metal salt (32), and that hydrogen sulfide
may be adsorbed by the soil clay fra.ction (23 ).
Limited theoretical predictions of the relations between combined
and soluble sulfides (H 2 S and HS-) can be made with respect to pH,
pC0 2 , soluble reduced iron, and manganese. Such data would not en9

compass, however, the potentialitie s of diverse soils, and the nature,
extent, and biological role of su lfides in rice fields must be determined
empirically.
Connell (10) incubated sample of 40 rice soils under argon (oxygenfree) atmosphere in the laboratory and measured concentratio ns of
apparently free, soluble hydrogen sulfide developing under anaerobiosis .
Levels ranged from 0 ppm (21 soils) to 0.4 ppm (11 soils), 0.8 ppm
(7 soils), and 1.6 ppm (l soil) . Total sulfide values were similar to
those reported b y the author and were unrelated to free hydrogen
sulfide levels.
Analysis of soil samples from rice fields in 1966 by the author revealed apparent soil solution concentratio ns of hydrogen sulfide on the f
order of 4, 8, and l 2 ppm in certain sites. The method of hydrogen
sulfide extraction was similar to that employed by Connell (10) . The
occurrence of such relativel y high concentratio ns in the presence of
free ferrous iron and in the absence of characteristi c odor suggests
that hydrogen su lfide is not free in the soi l solution but is adsorbed
to the soi l clay fraction (23).
It has been suggested that in oluble ulfide residues on the surfaces
of rice roots may be re pon ible for kiochi disease symptoms on illdrained peaty padd y oils b y forming a mantle which prevents the
pas age of nutrients into the root (51). Such a deposit might function also to tie up nu trient metallic ions with slowly released sulfide
and hydrosulfide ions from the iron and manganese sulfides, thus
preventi ng nutrient uptake by the root. Such residues have been reported on roots of rice in Loui iana (43, 48) and elsewhere, and
present for investigatio n still another aspect of toxicant disease involvi ng su lfid es.
Takijima (52) found small, bu t measurable, soluble sulfide concenoil, which could account for some of the
trations in peaty padd
blacken ing of roots ob erved. However, low soluble sulfide concentrations were accompanie d by high total sulfide and ferrous sulfide
depositions on blackened root . Ferrous sulfide had little effect on root
growth, and no convincing e idence could be derived to implicate
su lfides as a sole cause of kiochi-PP , although the author obviously
felt they were contributing factor in hi experiments . A concentratio n
of l .4 x IO-•N Na 2 was nece sary for 25 per cent inhibition of rice
root elongation; but such data ma provide a basis for erroneous conclu ion , unless actual concentratio ns of hydrogen sulfide can be calcu lated or measured.
A preliminary study of rice root blackening was conducted by the
author in 1966 and involved a survey of approximate ly 50 fields in
Louisiana. Root blackening was fir t detected in established sites about
40 day after flooding and wa correlated with high values of total sulfides. Blackening wa cau ed b a urface depo it of ferrous sulfide
(FeS) on econdary, tertiary, and quaternary roots in the reduced
soil zo ne and occurred in about 3 per cent of fields examined.
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Laborator y studies of FeS suspension s produced by bubbling H 2 S
through soil solution extracts containing free ferrous iron provided
experimen tal confirmat ion of the theoretica l sensitivity of FeS ~
H 2 S equilibriu m to hydrogen ion concentra tion and showed that the
reaction could be followed colorimetr ically.
Evidence for Ferrous Iron
The behavior and fate of reduced iron, mangan ese, and sulfides in
rice fields are intimately related . Transform ations of manganes e (24)
resemble those of iron but have not been investigate d in the field with
• reference to toxicant diseases. Attention is focused principall y on iron,
but a possible role for manganes e in toxicant diseases is not precluded .
Ferrous iron and sulfide deposition on rice roots was studied with
respect to nutrient uptake and oxidative power in a study of Akiochi
disease on an intermedi ate clayey-peaty paddy soil (52, 55). Deposition
of these substances varied with root color in the order black > brown
> white, and the ratio ferrous iron / total iron on root surfaces rose
throughou t the period July I-October I. Root inhibition tests with
ferrous salts showed that ferrous iron concentra tions below 1 x 10-s N
(28 ppm) accelerate d root elongation , whereas concentra tions above
4 x 10-3 N (112 ppm) retarded root elongation . The author concluded
that excess ferrous iron was an important factor involved in overwhelming of the oxidative power of the root and that the important
feature was the contact of ferrous ions with the root.
Physiologi cal studies of the effects of iron and manganese on rice
by Tanaka and Vagara (58) are instructive . At pH ranges of 3-4, ferrous
iron was toxic at 50 ppm to detached leaf blades of rice var. Peta, and
at 100 ppm to intact plants in nutrient solutions. Accumula tion of iron
occurred in the plant, and the iron content was highest in roots, followed by the culm and older leaves. Toxicity symptoms (brown spots on
the leaves) developed with iron contents above 350 ppm in the leaves.
Ability of roots to immobiliz e iron was demonstra ted by increases in
toxicity following the cutting of roots. With respect to manganese ,
chlorosis occurred in the rice plant in the pH range 6-7. Manganes e
content of the plant increased with manganou s ion level in the culture
solution, with increase in pH, and with applicatio n of nitrate nitrogen
and decreased with increase in iron level of the culture solution. Imbalance of iron and manganes e resulted in toxicity symptoms . Iron
toxicity (brown spots) occurred at low pH when ferrous iron was high,
manganou s manganes e was low, and ammonium nitrogen was applied.
Manganes e chlorosis occurred at high pH when manganou s manganes e
was high, iron was in the ferric form, and nitrate nitrogen was applied.
Normal growth of rice occurred at pH 4-5 in the presence of high
manganese , high ferric iron, and nitr~te nitrogen. Growth was also
normal at pH 6-7 in the presence of high ferrous iron, low manganese ,
and ammonium nitrogen.
11

Clear-cut cases of manganese toxicity have not yet been identified in
rice fields, but condition for iron / manganese imbalance occur in Northea tern Taiwan in the disease Chin- eng-tien (cool acid paddy), where
the affected plants have much higher iron and manganese contents
than normal plants (5). Symptoms of this disea e include stunted tops
and roots, brown spots on leaves, and the frequent occurrence of
Helminlhosporium leaf spot.
Baba and his coworkers (4) originall had shown the importance of
ferrous iron in a condition in Japan known as Akagare disease. Excessive
ferrous iron inhibited nutri ent absorption by rice plants in the order
H 4 - 1, CaO. Subsequent investigations,
P 2 0 5 , MnO > K 2 0, Si0 2 >
summarized by Baba, Inada, and Tajima (5), revealed three types of f
Akagare disease and a complex etiological base, which at the present time
is far from clear. Akagare I can be controlled and Akagare II reduced, by
applications of pota h. Akagare III is reduced by applications of phosphorus and fully ripened compo t. Informed opinion at present is that
these diseases result from upset in the balance between ferrous iron and
sulfides in the soil and are aggravated by deficiencies of potassium and
phosphorus. Varieties with high root oxidizing power are resistant to
Akagare diseases.
Ponnamperuma (37) pre ented data to show that Bronzing, a
physiological disease of rice occurring on trongly acid, poorly drained
latosolic soils in Ceylon, was cau ed by root injury related to a dark
brown deposit of Fe (OH) 3 on the root system, and possibly direct
toxicity due to ferrous iron, because the straw of severely bronzed
plants was higher in iron.
More recently, Bronzing in Ceylon has been attributed to imbalance of ferrous iron and h drogen sulfide and pos ibly a deficiency of
manganese, because this is believed to promote elective absorption of
ferrous iron. The chief cause of Bronzing therefore appears to be excess soluble iron (39) .
According to Sturgis (48) and Takijima (55), a healthy rice root is
surrounded and impregnated (in later stage ) b y a red layer of oxidized
iron compounds - hydroxide and oxides. uch roots are probably
efficient in oxidizing small amounts of ferrous sulfide to ferrous
sulfate (38) .
Interacting variables determining the character of iron compounds
are pH, pC0 2 , Eh, and H 2 • Ponnamperuma (37) provided a diagram
showing the areas of stability of solid pha e iron compounds in terms
of these variables. Fe (OH) 3 predominates in initial stages of the biochemical reduction process in the rice oils examined and its transformation may proceed succes ively through FeC0 3, Fe 3 (OH) 8 , and
Fe 4 (OH) 10 • If these latter two compounds predominate in the solid
phase equilibrium with oluble ferrou ion , then the concentration of (
ferrous ions hould dimini h harp) with rise in pH (38). Examples
of calculated ferrou iron concentration at various pH values were:
6.25 (l,l 14 ppm), 6.50 (352 ppm), 6.75 (111 ppm), 7.00 (35.2 ppm).
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Iron deficiency symptoms would be expected in rice at pH greater than
7.5 because of complete oxidation by rice roots of ferrous iron to
insoluble Fe (OH) 3 •
Concentrations of soluble ferrous iron reported from studies in rice
fields in three different regions (24, 37, 48) indicate i_t may be sufficientl y high under certain conditions for toxicity to rice and under
other conditions sufficientl y low for iron deficiency or accumulation of
toxic concentrations of soluble sulfides. It should be obvious that the
ferrous iron-sulfide balance in the soil is important in regulating soil
solution concentrations of these ions and the deposition of ferrous
sulfide on soil and rice root surfaces. Experiments that will reveal the
variables controlling the chemical state and locus of these important
substances in rice soils are indicated.
There have been no reasons to suspect toxic effects of soluble reduced iron and manganese on nematodes, primarily because curves
depicting their seasonal concentrations (3 7) and those of nematode
populations (43) have exhibited parallel trends. Also, it is well known
that toxicity of reduced iron and manganese ions to a wide variety of
organisms and enzyme systems is lower than the toxicity of cobalt, nickel,
and copper, and that the relative toxicity of these metals is correlated
with the stability of their respective metal-ligand complexes (45). However, toxicity data with respect to nematodes should be useful because
there is no deposition of reduced products on the nematode cuticle and
results should reflect the direct action of soluble substances.

Evidence for Organic Acids
A random survey of organic acids in Louisiana rice fields showed the
presence of acetic, propionic, and butyric acids and the absence of
formic acid (40, 41). Average equivalents (molarity) of acids in the soil
water phase in 16 field sites in 1964 were: acetic 3 x 10- 3 , propionic
2 x 10-4, butyric 4 x I0- 5 • Jn vitro tests demonstrated that formic and
acetic acids are of a low order of toxicity to nematodes and that a
concentration of either propionic or ·n-butyric acid of 2 x l0- 3 molar,
in the pH range L pK, is necessary for toxicity to T. martini (16).
Since the pH of Louisiana rice soils ranges commonly from 5-6.8 in the
A 1 horizon (9), the concentrations of acids are too low and the pH
levels generally are too high for acid toxicity to nematodes in rice
fields. Additionally, the peaks of acid production are not correlated with
the decline of nematode populations (40, 41).
The ratio acid anion / undissociated acid increases markedly above
pH 5.5 for both propionic and butyric acids, and the propionate and
butyrate are nontoxic to T. martini (16). Although both T. martini and
the total nematode population are less sensitive than rice to organic
acids, it is possible that species in the Dorylaimida may be more nearly
equal to rice in sensitivity. These nematodes exhibit reactions to coal
tar dyes (14) which are modified by pH of the staining solution just as
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the reactions of T. martini to organic acids are modified by pH. Acid
dyes penetrate more readily and stain members of the Dorylaimida more
deeply in acid solution; conversely, basic dyes penetrate more readily
as the solution becomes more ba ic. The inferences to be drawn are
that penetrability is an important factor in nematode toxicology and
that penetrability and toxicity of acids and bases to nematodes may be
functions of the proportion of undis ociated molecules.
All reports of organic acid toxicity to rice have involved soils of very
poor internal drainage. The mechanisms of acid accumulation in soils
are unknown, but they may involve adsorption in some cases. Removal
or reduction in concentrations of acids by natural adsorption, in soils
investigated by Takijima (50), occurred in the order formic > acetic
> butyric. Adsorption is not believed to be an important factor in Louisiana soils because of the high concentrations, particularly of acetic acid,
which occur in soluble form. In the final stages of anaerobiosis in rice
fields, methane bacteria utilize organic acids directly in the production
of methane (67). Conditions unfavorable to methane bacteria might
result in the accumulation of organic acids.
Tests by Takijima (53) of rice root inhibition by organic acids in a
culture solution maintained at pH 5.0-5.3 showed that acetic acid at
l x J0-3 N, and above, inhibited root initiation and elongation in rice
seedlings. n-Butyric acid similarly inhibited seedlings at concentrations
above l x IO-• and, at concentration ranging between I x IO-• and
2 x J0- 3 N, inhibited roots in all developmental stages of rice plants.
Aromatic acids and caprylic and capric acids showed minimum toxicity
at 2 x J0- 5 N. Takijima mentioned for rice seedlings the relation of
organic acid toxicity to number of carbon atoms in the molecule and
to pH of the test solutions, points that have been noted above for nematodes.
Subsequent extractions of acids by Takijima (54) from a variety of
rice soils, including peaty paddy types, yielded concentration ranges
in the soil solution fo1 acetic acid 1.6 x I0- 4 - 2.1 x lQ- 3 and for
n-butyric acids, I x I Q- 5 - I. I x IO-•. Estimates of their
propionic
seedlings showed that le than IO per cent root inrice
toxicity to
hibition could result from either fraction, and Takijima concluded that
organic acids could not be respon ible for Akiochi disease on peaty paddy
soils. Formic acid also occurred in his extractions and, although it was
less toxic to rice than acetic acid, should have been included in total
acids for estimates of their collective toxicity. Experience with nematodes
in our laboratory suggests that total acid hould always be used in tests
and estimates of inhibition, provided their concentration is sufficiently
greater than the most abundant individual acid.
Acetic acid concentration in Loui iana rice fields, in the form
principally of the acetate anion, average 2 x IQ- 3 molar. Propionic
and n-butyric concentrations are negligible, and total acids therefore
can be ignored. In terms of the equilibrium equation

+
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At higher pH levels the concentration of undissociated acid becomes
negligible, and the range of effective aCid toxicity for both rice and
nematodes lies in the vicinity of the pK value.
Toxic effects of organic acids, particularly acetic acid, on Louisiana
rice, involving inhibition of nutrient uptake, probably occur only in
acid soils of the pH range 4.5-5.3 such as are found in Evangeline
Parish (Personal Comm. W. R. Vallot). The effects of acids on rice
probably are spread over the entire season because of the seasonal
rise in pH of 0.6-0.7 unit in acid soils and two peak acid levels which
occurred at 18 and 52 days after flooding (40, 41).

Elimination of Some Suspected Factors
The general pattern of nematode population trends in rice fields - an
initial rise after flooding, followed by a decline extending throughout
the season - naturally casts suspicion upon certain toxicant substances,
and diverts it from others. Carbon dioxide, ammonia, hydrogen, meth·
ane, and mercaptans are possible toxicants in rice fields because of
their high concentration or toxicity to living organisms.
Carbon dioxide is produced most abundantly in rice soils in early
stages of anaerobiosis, when nematode populations are high. The curves
of pC0 2 against time of submergence are very similar to those for decline of nematode populations. Carbon dioxide was found nontoxic to
nematodes in laboratory tests, except at concentrations higher than
could occur in rice fields (43). Ponnamperuma (37) found, in a study
of 37 soils, that carbon dioxide injury to rice could occur in certain
soils low in active iron and manganese because pC0 2 greater than 15
per cent is known to impede water and nutrient uptake by rice. Delay
of planting for at least two weeks after flooding was recommended in
these cases in order to minimize carbon dioxide injury.
Ammonia is of interest because it is produced at rather uniform levels
of concentration commonly throughout the season in rice soils (37).
The much greater toxicity of ammonia to living organisms at high pH
levels (64) could render it a factor in soils of pH greater than 7, or
where one of the horizons penetrated by rice roots is alkaline in reaction.
Such subsoils are common in Acadia Parish (9), and perhaps elsewhere, but have not been studied from the nematode standpoint.
Hydrogen and methane accumulations occur late in the growing
season in rice fields but apparently are nontoxic to nematodes because
populations of T . martini incubated in water under atmospheres of
these gases for two weeks were not harmed (43). Methane has been
demonstrated nontoxic also to rice seedlings (59) .
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Mercaptan s could account, at least in part, for the decline in nematode
population s in rice fields. Takai and Asami (49) found that methyl
mercaptan productio n, although very low and presumabl y of sublethal
concentrat ions, was greatest in midsumm er, at the time when hydrogen
sulfide was evolving abundantl y. Mercaptan s obviously merit further
attention as possible toxicants.
Aluminum toxicity ha been demonstra ted under laboratory conditions (58) but has not yet been identified in rice fields. Condition s
conducive to its occurrence exist most prominen tly on several million
acres of acid sulfate soils in South Viet Nam (31).
In addition to factors already discussed, the degree of soil reduction
may also be a factor opposing oxidative power of rice roots. In a careful
study involving different nutrient and redox conditions , and observations of the ratios of white, red, and black roots, Mitsui and Kumazaw a
(28) concluded that soil reduction it elf did not inhibit root growth
in the absence of substances which could damage it directly. Careful
examinati on of an English translation of their manuscrip t shows, however, that these authors did not succeed in separating effects of redox
potentials and a toxicant (presumab l free hydrogen sulfide) on rice.

Oxygen
The role of oxygen as a disturbanc e factor in rice field anaerobios is
has been ignored by researchers because it is difficult to conceive that
oxygen could exist for sufficient time to enable its measurem ent in soils
poised at Eh potentials near or below zero. A more important reason
perhaps is the fact that accurate mea urements of oxygen have not yet
been made in flooded soils, primarily because the classical oxygen electrode (Clark Type) , the only electrode developed adequately by theory,
must have movemen t of fluid pa t it for accuracy (6, 47, 66).
The facts about oxygen in rice soils ha e been reviewed by Alberda
(1). Van Raalte (61, 62) demon trated the movemen t of oxygen down
the stem and its secretion from the root of rice plants into the soil. He
estimated that 1-3 mg. of oxygen wa ecreted daily by a 2-month-o ld
rice plant. A principal point discu sed by Alberda was the possibility
raised by Sethi that oxygen may move into the soil also from that portion of the rice root system spreading over the soil surface. This superficial root system is a prominen t feature in Louisiana rice fields (43)
after the heading stage of plant growth.
In our laboratory (42, 43), estimate were made of oxygen concentration (approxim ately 4 ppm) in the soil water around the roots of
rice plants growing in plastic container . Thi level of oxygen, equivalent to about 50 per cent of the concentra tion of dissolved oxygen in
water incubated in air, wa derived from mea urements with bare, stationary platinum wire electrode . The electrodes were in erted laterally
and maintaine d permanen tl y at different depths in the soil, portions of
which were penetrated by roots and £ree of roots. Measurem ents were
16
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made daily with an oscilloscope on alternating current to yield a polarogram at 1.6 volt reduction potential of the reaction (66),
02
2 H 20
4 e ~ 4 OH-.
Nematodes are capable of consuming oxygen and apparently must
have dissolved, free oxygen for survival (33, 60). Consequently, it is
possible to test the effects of soluble sulfides on nematodes only if the
oxygen requirements are met and, at the same time, are sufficiently low
that the very low concentrations of hydrogen sulfide and hydrosulfide
required for toxicity will not be altered by oxidation. Presumably such
incompatible substances must exist at different places in the soil. T.
martini, the nematode used for in vitro assays, survives in water for periods of several weeks under an atmosphere of nitrogen. This nitrogen
(prepurified grade, Matheson Co.) contains up to 8 ppm oxygen as an
impurity. Since an atmosphere of air over water, containing approximately 200,000 ppm oxygen, establishes a concentration of dissolved
oxygen in water of approximately 9 ppm at room temperature, the
ratio is
200,000
8

+

+

x

9

Obviously, x represents some infinitesimal concentration of dissolved
oxygen in water, in equilibrium with the 8 ppm oxygen contained in
the nitrogen as an impurity. This unknown concentration of dissolved
oxygen is sufficient for survival of T. martini.
The decline of nematode populations in flooded rice fields is most
prevalent during the latter part of the growing season, when the
oxygen secretion from rice roots should be at maximum levels. If
minus oxygen in rice fields were a toxicant factor to nematodes as a
whole, the plant parasites feeding on rice roots should be favored by
the very low concentrations of oxygen excreted from roots; this would
supply oxygen for their needs and also for the detoxification of sulfides,
and should result in their greater survival as compared to the total
population of nematodes. However, the reverse is true. The reduction
of pla:i.t parasitic nematode populations under conditions of anaerobiosis was significantly greater than that of total nematode populations
(43).

Oxidative Capacity of Rice Roots
Mitsui (25) reported recently how oxygen may be biochemically
transferred from the gas spaces of the rice root cortex to the meristematic region of the root tip. He outlined a mechanism for operation of
the glycolic acid pathway of respiration in rice roots, in addition to
the tricarboxylic acid cycle.
Previous studies had demonstrated the dynamic nature of nutrient
uptake of phosphorus, potassium, and nitrogen (26, 27, 28, 29); the
obvious differences in oxidative capacities of rice varieties (13), and the
secretion of oxygen from rice roots (62). The following facts about the
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glycolic acid pathway of respiration are relevant. The pathway goes
successively from acetate to glycolate, glyoxalate, oxalate, formate, and
hydrogen peroxide, which in turn is decomposed by catalase and peroxidase to liberate oxygen. Mitsui cited evidence in support of his theory:
(a) large amounts of acetic, glycolic, oxalic, and formic acids in rice
roots, in addition to acids of the TC cycle; (b) decrease in specific
activity of labeled acetate in the sequence; (c) presence of glycolic
acid oxidase in aquatic plants, including rice, ·and its absence from
upland plants such as barley; (d) high activity of catalase and peroxidase in rice root tips. Oxidative capacity of the rice root obviously
depends upon many factors but reflect directly the vigor of the glycolic
acid pathway and the activity of the terminal catalase and peroxidase
enzyme systems.

e
•

Resistance to Toxicants
Varietal selection and breeding has been the principal activity in
Louisiana rice research and, in conjunction with control of weeds and
insects and improved fertilization practices in recent years, has been
responsible for spectacular state-wide yield increases (21) . The varieties
introduced are somewhat more resistant to lodging and to the prevalent
diseases than those replaced, but such resi tance is hardly sufficient
to account for the differences in yields. The present theory predicts that
root oxidizing ability and resistance to toxicants are present to a greater
degree in the better rice varieties. This consequence of the theory of
toxicant diseases can be tested by the assay of rice eedlings against
toxicants and with the e culin (13) and alpha-naphthylamine tech.
niques for root oxidizing power (55 ).
As a corollary to the u e of root oxidizing tests it should be noted
that young rice roots have higher oxidative power than old ones (34) ,
and that the oxidative power of roots is highest at the tillering stage
and is lowest at about the flowering tage (1, 30). These latter points
are of special interest in connection with the idea of symptomless toxicant
diseases and the peak production of total sufildes in the last few weeks
prior to harvest. It is possible that phosphorus uptake inhibition is a
key factor in rice yields because phosphorus uptake becomes rapid only
after the formation of flower primordia (20) . The importance of this
approach has been emphasized by Ponnamperuma (39): "The ability
to accumulate nutrients and to ward off toxicants is entirely dependent
on the oxidizing power of the roots." It is apparent that oxidative
capacity and oxygen secretion are two aspects of the same process and
that they may bear directly on the health and vigor of both rice roots
and soil nematode populations; oxygen concentration can be visualized
a a master factor, like hydrogen ion concentration, which modifies the
environment in which toxicant substance are produced and exert their
effects (42). Since nematodes for the most part are external to rice
roots and may depend upon oxygen secretion, their population decline
may reflect an initial reduction in oxidative capacity of rice roots by
toxicants. In this sense, nematodes would be a more sensitive indicator
18
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of toxicant substances than rice roots, and their populatio n level and
degree of reduction both would reflect indirectly the effect of toxicants
on the rice plant. Minus oxygen would be the principal direct factor
reducing nematode populatio ns.
There is now very little basis for choice among the three sequences
of toxicant effects listed below:
.
.
(a) rice plants }
+direct effect of tox1cants ----~
nematodes

•

reduction of metabolic activity of
rice plants and of nematode population s
(b) rice root oxidative capacity + toxicants ----~
nematode
reduced oxygen secretion into soil
populatio n reduction
+ oxygen-to xicant balance in soil
(c) rice plants }
nematodes
reduction of metabolic activity of rice plants and of nematode
populatio ns.
It should be evident, however, that if one disclaims the direct effect of
soluble sulfides in reducing nematode population s, it is necessary to
admit that oxygenati on of soil by rice roots provides sufficient oxygen
to maintain relatively large nematode populatio ns in the plow layer of
rice fields for prolonged periods.

•

Evaluation
This critical review of toxicant diseases of rice. provides a kind of
blueprint for experimen tal approache s. Knowledge of such diseases in
Louisiana is virtually nonexisten t. The principal thesis of this paper,
however, is that conditions exist for such diseases. Nematode population behavior in rice fields has provided a separate yardstick, independent of rice plant reaction, for analysis of these conditions . The
importanc e of this approach ranges between two possibilities; the least
that can be expected is a parallel system of logic for the generation of
new ideas, the most that can be achieved is a comprehen sive basis for
action.
Nematode populatio n analyses in rice fields support current viewpoints on the fundamen tal nature of toxicant disease, viz., the importance of organic matter as a source of energy for anaerobic bacteria
and for intensifica tion of reduction processes. Percentage reductions of
total nematode population s have always been less on the Caffey plot of
continuou s rice than in fields of rice following two years of pasture.
The continuou s rice plot (sixth year, 1966) is on defiocculated Midland
silt loam extremely low in organic matter (0.6 per cent). In general
defloccula tion has resulted in rice soils that have been cultivated and
flooded for many years, and becomes especially noticeable as the soil
organic matter is depleted. This condition, resulting in compactio n, increased impermea bility, and poor drainage, was studied extensively by
Sturgis (48). Sturgis made an extensive review of results from fertilizers

19

on rice and advanced the view that, "continuo us culture of irrigated
rice on soils low in organic matter or through which water drains
slowly causes the developm ent of toxic or inhibitory conditions which
lower the yield of rice. " The nematode data suggest, however, that instances where suitable re pone occur to fert ili zers, are simply what
may be termed here as a nontoxica nt "compacti on effect." Lowered
rice yields, absence of toxicant disease symptoms , soil compactio n, and
low values of total sulfide and ferrous iron, coupled with positive responses of plants to fertilizer and characteri stic nematode patterns
indicate the nature of this effect. This effect, whatever its cause, results
from poor methods of rice culture. Toxicant diseases occupy the other
end of a hypothetic al scale. They are diseases of the good methods of
rice culture and will become more prevalent as rice yields increase.
Two principal points advanced in this paper are: (I) Toxicant diseases of rice may range in intensity from severe symptoma tic expression s
to a mild symptomless despression of grain yield. (2) Soil nematodes in
rice field s provide an independe nt bioassay of toxicant diseases, useful
for their detection and evaluation . Point 1 is simply a consequen ce of
the quantitati ve nature of toxicant effect on rice plants and variations
in rice yields based on unknown oil and fertility differences. The real
question is about pre alence of such diseases, and the answer will be
dependen t upon proofs of their etiology. Point ?. is supported b y the
fact that total and plant parasitic nematode population s are sensitive to
organic acids and h ydrogen sulfide. Attempts have not been made to compare sublethal (slow populatio n decline or root uptake inhibition )
concentra tions of toxicants on both nematodes and rice plants.
There are three phenomen a in rice fields that support the toxicant
disease viewpoint presented here. These are: (1) rapid decline in some
instances of the total nematode population , (2) deposition of reduced
products (iron and sulfides) on rice roots, and (3) imbalance between
ferrous iron and sulfide in the soi l solution, such that either element
may be in excess.
The known toxicant d i ea e of rice are cau ed by toxic concentra tions
of hydrogen sulfide or ferrous iron in the soil. Akiochi disease on degraded paddy soil in Japan is the only toxicant disease characteri zed
sufficientl y to be controlled in terms of cause. Organic acids have
not been demonstra ted to cau e identifiabl e toxicant diseases in rice
fields, nor are the nematode population s studied thus far demonstra bly
affected by organic acids in rice fields.

•

Recommendations for Control of Toxicant Diseases
The best ultimate control of toxicant di ea es will lie in the selection
and breeding of resistant varietie . Other measures which have been
recommen ded (5) are: (a) avoiding applicatio n of excess fresh organic matter; (b) improvem ent of both ubsurface and surface drainage. urface drainage i a practice that involves some loss of total
nitrogen (36, 48) and should be practiced only as a part of the fe rtiliza-
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tion program; (c) supplying deficient nutrients, including iron; (d)
omission of fertilizers containing sulfate; and (e) liming soil for neutralization of acidity.

Summary and Conclusions

•
•

•

Toxicant diseases of rice are those physiological diseases found in
flooded fields which are caused by excesses or deficiencies of substances
resulting from the normal process of oxygen removal and utilization
(anaerobiosis) . Toxicant diseases of known cause are Akiochi (Autumn
decline) disease on degraded paddy soils in Japan caused by soluble
sulfides and the Bronzing disease of Ceylon due to ferrous iron. Suspected toxicant substances in reduced rice soils include insoluble iron
and sulfide compounds, manganese, aluminum, organic acids, carbon
dioxide, ammonia, and methyl mercaptan.
Toxicants cause disease in rice plants by inhibiting uptake of the
major plant nutrients by the roots . If toxicant diseases are symptomless
(do not exhibit root or top symptoms or signs of disease), they can
still be detected by differences (reductions) in grain yield.
Soil nematodes are susceptible to (affected by) the same toxicants as
rice plants, and their populations in rice fields generally decline during
the growing season. This relation has led to the idea that a study of
nematode populations in rice fields may be useful for the detection and
identification of symptomless toxicant diseases of rice.
Resistance to known toxicant diseases is found in rice varieties with
high root oxidative capacity. This fact, taken in the context of other information about toxicant diseases, indicates that the currently-grown,
high-yielding rice varieties may possess higher root oxidative capacity
than the older varieties.
Known toxicant diseases are often accompanied b y symptoms of
major nutrient element deficiency and a H elm in thosporium fungus leaf
spot. Toxicant diseases such as Straighthead (cause unknown) have
been recognized on the basis of plant top symptoms. The following
indices may also be of value for the detection of toxicant diseases or disease conditions: (a) rice grain yield, (b) rice root color and surface residues, (c) soil ferrous iron-sulfid e balance, (d) soil nematode population
behavior.

Literature Cited

•

I. Alberda, Th. (1953). Growth and root development of lowland rice and its relation
to oxygen supply. Plant and Soil 5: 1-28.
2. Atkins, J. G. (1958) . Rice diseases. U.S. Dept. Agr. Farmers Bui. 2120, l4p.
3. Baba, I. (1958) . Nutritional studies on the occurrence of Helminthosporium leaf
spot and achiochi of rice plant. Nogyo Gijitsu Kenkyujo Hokoku. Ser., D, no. 7, 1142. (English summary 143-149.)
4. Baba, I., and K. Tajima. (1960). Nutrition of rice with reference to the occurrence
of oxygen-deficiency disease. VI. Changes in growth, nutrient absorption and
metabolism as affected by excessive supply of ferrous iron. Nippon Sakumotsu Gakkai Kiji 29: 47-50 .

21

5. Baba, I., K. Inada, and K. Tajima. (1964). Mineral nutrition and the occurrence of
physiological diseases. Symp .. Intern. Rice Re. Inst. Manila, Philippines, p. 173-195
in The Mineral utrition of the Rice Plant. Johns Hopkins Press, Baltimore, Md.
494 p.
6. Brandt, G. H. (1964). The estimation of dissolved oxygen concentrations in soils
with bare, stationary platinum wire electrodes. Ph.D. Dissertation, Michigan State
University, 175 p.
7. Chang, S. C. (1960). Some soil water-plant relations in paddy fields of Taiwan. Soils
Ferti lizers Taiwan 1960: 18-25.
8. Cheaney, R. L. (1955). Effect of time of draining of rice on the prevention of
straighthead. Texas Agr. Exp. Sta. Prog. Rept. 1774, Mar. 29, Mimeog .. 5 p.
9. Clark, H. L .. G. J . Haley, E. J. Hebert, R . M . Hollier, Jr .. and A. J. Roy. (1962). Soil
survey, Acadia Pari h , Louisiana. .S. Dept. Agr. Ser. Rept. 1959, No. 15, 57 p.
42 sheet maps and legend .
10. Connell, W. E. (1966). The reduction of sulfate to sulfide under anaerobic soil
cond itions. M.S. Dissertation, Louisiana State niversity, 70 p.
. Vol ' skii . (1960) . Hydrol ysis of difficultly soluble or
11. Egorov, A. M., and A.
slightly dissociated electro! tes. Zh . eorgan . Khim . 5: 2677 -2680.
12. Embabi, M. (1966). Quantitative nematode-root relations in rice and cotton. Ph.D .
Dissertation, Louisiana State niversity.
13. Gota, Y.. and K. Tai. (1957}. On the differences in oxidizing power of paddy rice
seedling roots among some varieties. oil and Plant Food 2: 198-200.
14. Hollis, J. P. (1961). ematode reactions to coal-tar dyes. ematologica 6: 315-325.
15. Hollis, J . P . (1962). ature of swarming in nematodes. Nature 193: 798-799.
16. Hollis, J.P ., and R. Rodriguez-Ka hana . (1966). Rapid kill of nematodes in flooded

•

+ •

soil. Phytopath . 56: 101 5-1019.
17. Hollis, J. P. (1966). Indicators o f toxicant diseases in rice. (Abs.) Phytopath .
56: 881.
18. Hollis, J . P .. and M. J . Fielding. (1958). Population behavior of plant parasitic
nematodes in oil fumigation exper imen ts. Louisiana Agr. Exp. Sta. Bui. 515, 30 p .
19. Hollis, J.P., L. S. Whitlock, J . G. Atkins, and M. J . Fielding. (1959) . Relations between nematodes, fumigation and fertilization in rice culture. U .S. Dept. Agr. Plant
Dis. Reptr. 43: 33-40.
20. Ish izuka, Y. (1964). Mineral uptake at different stages of growth. Symp., Intern. Rice
Res. Inst. Manila, Philippines, p. 199-217 in The Mineral Nutrition of the Rice
Plant. Johns Hopkins Pre s, Baltimore, Md . 494 p .
21. Jodon, . E. (1964). Rice variety improvement re earch program. Ann. Prog. R ept.
Louisiana Rice Exp. Sta. (Crowley). p . 4-17.
22. Kauricher, I . S., and E . M . ozdrunova . ( 1961 ) . The role of the water-soluble
components of organic matter and plant re idues in the formation of available
ferroorganic compounds. Pochvovedenie 1961 : 10-18.
23. Komarov, V. S., and I. . Volneiko. (1963). Adsorption of hydrogen sulfide with clays
auk. Beloru sk S. S. R. Inst. Obshch. i
and alumina type adsorbe nts. Akad.
73-83.
1963:
.
Khim
.
eorgan
24. Mandal, L. N. (1962). Levels of iron and manganese in soil solution and the growth
of rice in water-logged soil in relation to the oxygen status of soil solution. Soil
Sci 94 : 387-391.
25. Mitsui, S. (1964). Dynamic aspects of nutrient uptake. Syrup., Intern. Rice Res. Inst.
Manila, Philippines, p. 53-62 in The Mineral utrition of the Rice Plant. Johns
Hopkins Press, Baltimore, Md. 494 p .
26. Mitsui, S., S. Aso, and K. Kumazawa. (1951 ). Dynamic studies on the nutrients u ptake by crop plantS. (Pan I) The nutrien ts uptake of rice root as influenced by
hydrogen sulfide. J . ci . oil and Manure Q apan) 22: 46-52. (In Japanese with
English summary.)
27. Mitsui, S., K. Aso, K. Kumazawa, and T . lshiwara. (1954) . The nutrients uptake of

22

4t

•

•

rice plant as influenced by h ydrogen sulfide and butyric acid abundantly evolving
under waterlogged soil condition. Trans. Fifth Intern. Cong. Soil Sci., Leopoldville,
2: 364-368.
28. Mitsui, S., and K. Kumazawa. (1964) . Root activity of rice plant under different
nutrient and redox conditions. Dynamic studies on the nutrients uptake by crop
plants (Part 41) . ]. Sci. Soil and Manure (Japan) 35: 11 5-1 Hl.
29. Mitsui, S., K. Kumazawa, and T. Ishiwara. (1953). Dynamic studies on the nutrients
uptake by crop plants . (Part 7) The effect of butyric acid and respiration inhibitors
such as H 2S, NaCN and NaN 3 on the nutrients uptake by rice plant.]. Sci. Soil and
Manure (Japan) 24: 45-50. (In Japanese with English summary.)
30. Mitsui, S., and K. Tensho. (1952). Dynamic studies on the nutrients uptake by
crop plants. (Part 3) . The reducing power of the roots of growing plants as
revealed by nitrite formation in the nutrient solution. J . Sci. Soil and Manure
(Japan) 22: 301-307.
31. Moormann, F. R . (1963). Acid sulfate soils (cat clays) of the tropics. ]. Soil Sci.
95 : 271-275.
32. Nanobashvili, E. M., and Sh. A. Nadareischvili. (1957). Study of the reaction of
formation ot iron sulfid e in the system FeC1 2 - Na 2 S - H 2 0 by applying physicochemical methods of analysis. Trudy Inst. Khim. im. P. G. Melikishvili, Akad. Nauk
Gruzin S. S. R . 13: 129-135 .
33. Nicholas, W. L., and Ritva Jantumen. (1964). Caenorhabditis briggsae (Rhab·
ditidae) under anaerobic conditions. Nematologica IO: 409-418.
34. Okajima, H . (1960) . Studies in the physiological function of the root system in the
rice plant, viewed from the nitrogen nutrition. Bull. Inst. Agr. Res. Tohoku Univ.
12: 1-146.
35. Okajima, H. (1964). Environmental factors and nutrient uptake. Symp., Intern. Rice
R es. Inst. Manila, Philippines, p. 63-73 in The Mineral Nutrition of the Rice Plant.
Johns Hopkins Press, Baltimore, Md. 494 p .
36. Patrick, Wm . H., and R. Wyatt. (1964). Soil nitrogen loss as a result of alternate
submergence and drying. Soil Sci. Soc. Amer. Proc. 28: 647-653.
37. Ponnamperuma, F. . (1964). Soil chemistry. Ann. Rept., Intern. Rice Res. Inst.,
Manila, Philippines, p . 199-240.
38. Ponnamperuma, F. N. (1964). Dynamic aspects of flooded soils and the nutrition
of the rice plant. Symp., Intern . Rice Res . Inst. Manila, Philippines, p. 295-328 in
The Mineral Nutrition of the Rice Plant. Johns Hopkins Press, Baltimore, Md. 494

p.
39. Ponnamperuma, F. N . (1964). Review of the Symposium on The Mineral Nutrition
of the Rice Plant: Mineral nutrition and the occurrence of physiological diseases.
Symp., Intern . Rice Res. Inst. Manila, Philippines, p. 461 -482 in The Mineral Nutrition of the Rice Plant. Johns Hopkins Press, Baltimore, Md. 494 p .
40. Rodrigu ez-Kahana, R . (1965) . Chemical antibiosis to nematodes in rice fields. Ph.D.
Dissertation, Louisiana State University, 100 p.
41. Rodriguez-Kahana, R ., and J . P. Hollis. Fatty acids in Louisiana rice fields. (In

•

manuscript.)
42. Rodriguez-Kahana, R ., J. W. Jordan, and J .P. Hollis. (1965). Oxygen as a disturbance factor to anaerobiosis in rice fields. (Abs.) Phytop<:th. 55: 501.
43. Rodriguez-Kahana, R ., J. W . Jordan, and J . P. Hollis. (1965). Nematodes: biological
control in rice fields: role of hydrogen sulfide. Science 148: 524-526.
44. Sands, A. E., M. A. Grafins, H. W. Wainwright, and M. W. Wilson. (1949) . The determination of low concentrations of hydrogen sulfide in gas by the methylene blue
method. U.S. Bur. of Mines Rept. of Investig. 4547, 19 p .
45. Shaw, W . H. R. (1961). Cation toxicity and the stability of transition-metal complexes. ature 192: 745-755.
46. Shioiri, M. (1954). The chemistry of paddy soils in Japan, by M. Shioiri and T .
Tanada. Tokyo, Ministry of Agriculture and Forestry, 45 p.

23

47. Stolzy, L. H., and ]. Letey. (1964). Characterizing soil oxygen conditions with a
platinum microelectrode. Adv. Agron. 16: 249-279.
48. Sturgis, M. B. (1936). Changes in the oxidation-reductio n equilibrium in soils as
related to the physical properties of the soil and the growth of rice. Louisiana
Agr. Exp. Sta. Bui. 27 1, 37 p.
49. Takai, Y., and T. A ami. (1962). Formation of methyl mercaptan in paddy soils I.
·
Soil Sci. and Plant 1 utrition . 8: 40-44.
50. Takijima, Y. (1961). Organic acids in soils and their .effects on paddy rice growth .
III. Adsorption of organic acids by soils and determination of soil organic acids.
J. Sci. Soil and Manure (Japan) 32: 130-134.
51. Takijima, Y. (1962). Studies on growth inhibiting substances found in the illdrained paddy fields (Part 2). Damage phenomena and extent of discoloration of
the root system. J. Sci. Soil and Manure 33: 335-338. (English abst. in Soil Sci. and
Plant utrition) .
52. Takijima, Y. (1964). Studies on the mechanism of root damage of rice plants in the
peat padd y fields (Part I). R oo t damage and growth inhibitory substances found in
the peaty a nd peat oil. oil ci . and Plant utrition 10: 1-8.
53. Takijima, Y. (1964) . Studies on organic acids in paddy field soils with reference to
their inhibitory effects o n the growth of rice plant . (Part I). Growth inhibiting
action of organic acids and ab orption a nd decom position of them by soils. Soil
Sci. and Plant utrition 10: 14-21.
54. Takijima, Y. (1964). tudies on organic acids in paddy field soils with reference to
their inhibitory effect on the growth of rice plants (Part 2). R elations between
production of waterlogged soils a nd the root growth inhibition. oil Sci . and Plant
Nutrition 10: 22-29.
55. Takijima, Y. (1965). Studies on the mechani m of root damage of rice plants in the
peat padd y field (Part 2). tatus of roots in the rhizosphere and the occurrence
of root damage. oil ci . and Plant . utrition 11 : 20-27.
56. Takijima, Y., and M. Shiojima . (195 ). tudies on soils of peaty paddy fields. II.
Soil characteristics and metabolism under Hooded condition. Soil and Plant Food
4: 127-136.
57. Takijima, Y., M. Shiojima, and K. Konno (195 ). Studies on soils of peaty paddy
fields . I. Geographical di tribution, characteristics and classification of soil in Miyagi
Prefecture. Soil and Plant Food 4: 3-92.
5'8. Tanaka, A., and B. S. Vagara (1964). Plant Physiology. Ann. Rept., Intern. Rice Res.
Inst., Manila, Philippine , p . 49-86.
59. Valmis, J.. and A. R . Davis. (1944). Effect of oxygen tension on certain physiological
re ponses of rice, barley and tomato. P !ant Phy iol. 19: 33-51.
60. V;m Gundy, S. D., and L. H . tolzy. ( 1961 ). Influence of soil ox ygen concentrations
on the development of 'Jeloidogyne javanica . Science 134: 665-666.
61. Van Raalte, M. H. (194 1). On the oxyge n supply of rice roots. Ann. Bot. Gard .
Buitenzorg 51: 43-57.
62. Van Raalte, M. H . (1944). On the oxidation of the environment by the roots ot
rice (Oryza sa tiva L.). Ann . Bot Gard. Buitenzorg Hors Serie: 15-34.
63. Vecht, J. van der, and B. H . H . Bergman (1952). tudies on the nematode
Radopholus oryzae (va n Breda de Haan) Thorne and its influence on the growth
of the rice plant. Pemberitaan Balai Besar Penjelidikan Pertanian (Contributions
of the General gricultural R esearch Station, Bogor) o. 131 , 82 p.
64. Warren, K. S. (1962). Ammonia toxicity and pH . ature 195: 47-49.
65. West, P. W., and M. M. Vick. (1959). Qualitative analysis and analytical chemical
separations. Macmillan, ew York, .Y., 302 p.
66. Willey, C. R .. and . B. anner. (1963) . Membrane-covere d electrode for measurement of oxygen concentration in soil. oil ci. Soc. Amer. Proc. 27: 511-515.
67. Yamane, I., and K. ato. (1963). Decomposition of organic acids and gas formation
in flooded soil. Soil Sci. and Plant utrition 9: 32-36.

24

•

,~

..._,,

